The extended length of solar cycle 23 and the associated deep quiet period (QP) between cycles 23 and 24 have been examined using the international sunspot record from 1755 to 2010. This study has also introduced a QP definition based on a (beginning and ending) mean monthly threshold value of less than 10 for the sunspot number. Features addressed are the length and intensity of cycle 23, the length of the QP and the associated number of spotless days, and the respective relationships between cycle intensity, length, and QP. The length of cycle 23 (153 months) is second only to cycle 4 (164 months), with an average of 132.5 months for the 11-yr cycle. The length of the QP between cycles 23 and 24 ranks eighth, extending from October 2005 through November 2009 (but subject to continued weakness in cycle 24). The number of spotless days achieved within this QP was 751 (and for all days within the transition from cycle 23 to cycle24, a record number of 801 spotless days had been observed through May 2010). Shortcomings of solar-convection-model predictions of sunspot activity and intensity are also noted, including the failure in the initial predictions of cycle-24 onset. The relevance of an extended quiet solar period and the potential reduction of total solar irradiance (TSI) are also discussed, both in the context of climate-model simulations of future climate change as well as with regard to future satellite measurements of TSI.
Introduction
The quasi-periodicity of the 11-yr sunspot cycle has been well documented by the international sunspot number (SSN) record from 1755 to present (the so-called modern era of recording sunspot activity). Prior to this modern period, the telescope was used to observe sunspots (beginning in 1610); however, there was a prominent period of solar inactivity known as the Maunder minimum (1645-1715). Historically, this quiet period (QP) has been attributed to a cold era known as the ''Little Ice Age'' under the premise that a quiet sun is a cooler sun that is capable of inducing climate change. Today, thanks to instruments placed on satellites outside the earth's atmosphere (see Woods and Lean 2007) , the total solar irradiance (TSI) has been measured and thus is known to vary by 1-2 W m 22 between maximum and minimum activity, at least for the last three 11-yr cycles. It is generally understood that the increased luminosity of the strong solar cycles during the past 100 yr may have contributed to global warming; however, the results have been secondary to contributions by the warming effects of greenhouse gases (GHG) [particularly carbon dioxide (CO 2 ) and methane (CH 4 )], as discussed by Ammann et al. 2007 (also see Solomon et al. 2007 ). More recently, Frö hlich (2009) has noted that the TSI value for the QP between cycles 23 and 24 was 0.2 W m 22 less than the TSI value for the QP between cycles 22 and 23. This result has potential longterm implications for the role of solar variability in climate change (in particular, global cooling, given an extended grand minimum in solar activity). This will be discussed in more detail in a later section.
In recent years the prediction of the 11-yr sunspot cycle has gained in popularity, based largely on the solar dynamo model [see Dikpati et al. (2006) as well as the review by Woods and Lean (2007) ]. Figure 1 shows the respective initial predictions of cycle 24 by the National Center for Atmospheric Research (NCAR) and the National Aeronautics and Space Administration (NASA) models, which targeted cycle 24 to begin in late 2006, achieving continued noteworthy maximum strength by 2011 (comparable to that of recent successive strong cycles). The extended lapse of time between the end of cycle 23 and the start of cycle 24 raises the interesting question, Is the extended length of solar cycle 23 unusual? Figure 2 shows the monthly sunspot number from June 1996 to March 2010, which illustrates the extended length of cycle 23 as well as the ''deep'' QP. Also depicted is the late start of cycle 24 and an illustration of the August 2009 predicted SSN of 40 versus the observed value of 0 (all days in August were spotless).
Solar cycles: Transition, cycle length, and QP
The determination of transition between cycles is sometimes difficult to assess, and it may not be widely known until solar activity has moved well into the next cycle. Several factors, however, can be considered in identifying the transition, such as 1) observation of the first sunspot of reversed polarity, 2) observation of the first full day with no spots, and 3) an equal count of spots with opposing polarity (the choice for defining cycle transition in this study). The period for an adequate count of polarity spots, however, is sometimes extended because of the lack of sunspot activity. Concern about the extended length of cycle 23 began to appear when a news release by the National Oceanic and Atmospheric Administration ( cumulative number of spotless months since the first spotless day on 27 January 2004 is rather large, and comparable to the older cycles (11-14 observed in the nineteenth century), and maybe as long as cycle 4 (see online at http://users.telenet.be/j.janssens/Spotless/Spotless.html# Period). Again, referring back to Fig. 2 , it is evident that cycle 24 has moved out of the deep minimum between cycles 23 and 24 and that, further, all subsequent spots (although weak) now show new cycle polarity. It is also noteworthy that there has been a record number of 801 spotless days in the transition from cycle 23 to cycle 24 (through May 2010), which can be compared with an average of 485 spotless days for all 23 cycle transitions.
a. The frequency of the 11-yr cycle (cycles 1-23) Table 1 shows the frequency interval of the past twentythree 11-yr cycles, from March 1755 through November 2009 (the end of cycle 23), which varies from 9.0 yr for cycle 2 to 13.67 yr for cycle 4. Cycle 23 is of nearly record length at 13.58 yr.
A graphical plot provided in Fig. 3 further depicts that cycle 23 is an extreme event but is not outside the extreme limit of past observations. It is further noted in Fig. 3 that there appears to be a cyclical nature to the periodicity of the 11-yr cycle, although it is not statistically significant for the few oscillations shown. As cycle 24 slowly ramps up [as was expected; see Keating (2008) ], revised SSN predictions by the NASA and NOAA models now show a much weaker new cycle. Such weak activity could be a possible reflection of the end to a much longer cycle known as the Gleissberg cycle (the envelope of maxima for eight successive 11-yr cycles).
b. The QP for 11-yr-cycle transition A QP has been defined in this study as the period from the first monthly SSN average of ,10 to the last monthly SSN average of ,10. The length of the QP during the 23 recorded solar cycles ranges from 6 months for the transition from cycle 1 to cycle 2 to 98 months for the transition from cycle 5 to cycle 6, averaging to about 37 months overall. At 49 months long, the QP for cycle 23-24 is longer than this average, but it is actually only the eighth longest and is not particularly extreme. Interestingly, cycle 24 continues (with 100% reversed-polarity spots); however, the ''preliminary'' SSN for April 2010 and May 2010 are 7.9 and 8.8, respectively. This may be consistent with the weakness now predicted for cycle 24. The reader is also referred to White et al. (2010) , which addresses a possible miniature Maunder minimum, with sunspot production ceasing completely by 2015.
c. Correlations: Cycle intensity, cycle length, and QP length
Correlations have been made between cycle intensity and duration of the QP (see Fig. 4 ) and between the length of the solar cycle and thelength of the QP (see Fig. 5 ). As expected, an inverse correlation (coefficient R 5 20.534) exists between cycle intensity and duration of the QP and a positive correlation (R 5 0.664) exists between the length of the solar cycle and the length of the QP, although only about 25% and 50% of the variance is explained, respectively. Realignment of the plots, to account for phase-shift differences, could yield improved correlations. 
Solar variability and future climate implications
As noted in the introduction, the TSI is not a constant, as satellite instruments have clearly documented for three successive 11-yr cycles. Strong solar cycles for the past 100 yr have contributed to global warming, but they are now relegated to a minor role because of the much greater warming effects of GHG forcing (see Scafetta and West 2006a,b) Solomon et al. (2007) . Please note again that the TSI decreases by about 2.0 W m 22 from 11-yr solar maximum to solar minimum. Interestingly, Feulner and Rahmstorf (2010) have reported that even if another Maunder type of grand minimum should occur in the twenty-first century, any contribution to cooling would be minimal and not interruptive to the GHG warming.
Their results were obtained using a coupled climate model with a 0.25% reduction in TSI, yielding a contribution to cooling of 20.38C by the year 2100. The authors appreciate these results but are concerned about certain aspects of the model assumptions and capability. For example, the use by Feulner and Rahmstorf (2010) of model results by Wang et al. (2005) can be called into question when the TSI decrease is so small for a centurylong new grand minimum. Specifically, to assume that k (the diffusion coefficient in nonstationary supergranulation convection) is a constant value of 500 km 2 s 21 should be an assumption of concern. Another concern pertains to reduced TSI during a solar QP, which is actually much less in the UV portion of the solar spectrum, and the Feulner and Rahmstorf model cannot treat the internal model feedback effects for this type of change (G. Feulner 2010, personal communication) . Any long-term effect of reduced UV, however, may not be present (see Frö hlich 2009) .
In view of the recent unexpected QP behavior by the sun, it becomes increasingly important to continue precise measurements of TSI from satellite platforms. There are no assurances that a new grand minimum could not occur during the twenty-first century, and direct measurement of TSI is the answer needed to guide inferences from proxy data (using cosmogenic radionuclides) or solarmagnetic-model predictions of TSI. Further support of the possibility of continued decrease in solar activity in the twenty-first century is given in a study by Livingston and Penn (2009) . Their work shows continuously decreasing magnetic field strength from 1992 to 2009 as well as less vigor in magnetic strength and area of sunspots. Solar observatory and telescope observations (using infrared diagnostics) are equally important as satellite measurements are, and both need to be continued diligently through the twenty-first century of expected climatic change.
Summary
This study has brought into focus several key aspects of recent solar variability and its place in the sunspot record. Cycle 23 is the second longest on record, and the deep QP between cycles 23 and 24 has set a record for the number of spotless days. Further, this study has introduced a definition for QP transition, which previously has not been well defined (see Henson 2010) . The QP between cycles 23 and 24 ranks as the eighth longest in the twentythree 11-yr-cycle records considered from 1755 to 2010, subject to weak cycle-24 activity with preliminary SSN values of 7.9 and 8.8 for April and May 2010, respectively. This paper also reveals the shortcomings in model predictions of sunspot cycles, which suggest an overall inadequate understanding of the solar dynamo. Studies cited in this paper give adequate cause for future concern about long periods of solar inactivity, comparable to a Maunder type of new grand minimum. Climate models may need to reconsider the importance of reduced TSI for an extended quiet period, given that solar variability (at this point in time) has been relegated to having virtually no effect on predictions of twenty-first-century global warming.
